Abstract. Cyclodextrins are able to form host-guest complexes with hydrophobic molecules to result in the formation of inclusion complexes. The complex formation between norfloxacin form A and β-cyclodextrin was studied by exploring its structure affinity relationship in an aqueous solution and in the solid state. Kneading, freeze-drying, and physical mixture methods were employed to prepare solid complexes of norfloxacin and β-cyclodextrin. The solubility of norfloxacin significantly increased upon complexation with β-cyclodextrin as demonstrated by a solubility isotherm of the A L type along with the results of an intrinsic dissolution study. The complexes were also characterized in the solid stated by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), Fourier-transform infrared (FT-IR) spectroscopy, X-ray diffractometry, scanning electron microscopy (SEM), and solid-state nuclear magnetic resonance (ssNMR) spectrometry. The thermal analysis showed that the thermal stability of the drug is enhanced in the presence of β-cyclodextrin. Finally, the microbiological studies showed that the complexes have better potency when compared with pure drug.
INTRODUCTION
Norfloxacin (NFLX), a second-generation fluoroquinolone antimicrobial agent, has been widely used in human and veterinary medicine and demonstrates a wide spectrum of activity against aminoglycoside-resistant Pseudomonas aeruginosa and beta-lactamase-producing organisms (1) . This drug inhibits DNA gyrase by interfering with the DNA-rejoining reaction (2) . It is effective in the treatment of urinary tract infections, gonococcal urethritis, and infections diarrhea (3) .
Chemically, it is 1-ethyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinoline carboxylic acid ( Fig. 1) (4) . It is freely soluble in glacial acetic acid and very slightly soluble in methanol, ethanol, and water at a pH of 6-10, and it has a relatively slow rate of dissolution (2, 5) . NFLX exists in several solid forms: three anhydrous polymorphs (forms A, B, and C), an amorphous form, a methanol solvate, several hydrate forms, salts, and cocrystals (6) (7) (8) .
Cyclodextrins (CDs) are water-soluble cyclic oligosaccharides composed of 6, 7, or 8 glucopyranose units (α-, β-, or γ-CD) with a relatively hydrophobic central cavity and a hydrophilic outer surface, which differ in their ring size and solubility according to the number of glucopyranose units (9, 10) . One of the most important applications of CDs in the pharmaceutical sciences is the enhancement of the aqueous solubility of drugs through complexation. Hydrophilic CDs can increase the release rate of poorly water-soluble drugs and ultimately enhance drug absorption across biological barriers (11) . β-cyclodextrin (β-CD) has been widely used in the early stages of pharmaceutical development due to its ease of availability and a cavity size which is suitable for the widest range of drugs ( Fig. 1) (12, 13) .
The hydrophobic nature of the internal cavity of CDs is the key feature which is responsible for its ability to form complexes with guest molecules. The CD inclusion is a stoichiometric molecular phenomenon in which usually only one molecule interacts and gets entrapped inside the cavity of the CD (14) . In the pharmaceutical industry, CDs are used as complexing agents to increase the aqueous solubility of poorly soluble drugs and subsequently to enhance bioavailability and stability (15) (16) (17) .
The solubility of NFLX in water is pH dependent, increasing sharply either with a decrease in pH below 5 or with an increase in pH above 10. This is why only 35-45% of the drug is absorbed when orally administered. It is therefore to improve the aqueous solubility of NFLX to enhance its extent of absorption (18) (19) (20) . One study on inclusion complexes of NFLX investigated the influence of dispersion in PEG 6000 and complexation with hydroxypropyl-β-cyclodextrin (HP-β-CD) in systems obtained by freeze-drying (21) . The effect of solid dispersions and CD complexation on the bioavailability of NFLX was reported-by Fawaz and coworkers (22) . Dua and coworkers investigated the possibility of improving the solubility and dissolution rate of NFLX in the presence of solubilizing agents such as ascorbic acid and citric acid incorporated into β-CD (23) . Recently, Chattah and coworkers investigated novel complexes of β-CD and two different solid forms of NFLX at the molecular level (24) .
The aim of the current research was to prepare complexes of the commercial form of NFLX (form A) and β-CD (NFLX-β-CD) by a variety of methods and fully characterize the resulting complexes using thermal analysis, solid-state nuclear magnetic resonance (ssNMR), powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), and Fouriertransform infrared (FT-IR) spectroscopy. In addition, in vitro intrinsic dissolution was investigated, and the antibacterial activity against Staphylococcus epidermidis species was assessed in vitro.
MATERIAL AND METHODS

Reagents and Chemicals
NFLX form A (purity 100%) was obtained from Galena Química Farmacêutica LTDA (Campinas, Brazil). β-CD was supplied by Ferromet agent of Roquette (France) in Argentina. All reagents used were of analytical grade. Eluents and standard solutions were prepared with double-distilled water obtained from a Milli-Q system (Millipore, Milford, MA, USA).
Phase Solubility Studies
The solubility measurements were performed according to the method of Higuchi and Connors (25) . An excess of NFLX was suspended in aqueous buffer solutions (pH 6.0 and 8.0) containing different concentrations of β-CD ranging from 2.5 to 14.7 mM. NFLX in the absence of β-CD was used to determine intrinsic solubility (S 0 ). Suspensions were sonicated for 15 min (ULTRASONIC LC 30 H Elma) and then placed in a 25.0± 0.1°C constant temperature water bath (Haake DC10 thermostat) for 72 h. These suspensions were sonicated at several time intervals. After equilibrium was reached, the excess NFLX was removed by filtration using a 0.45-μm polyvinylidene difluoride membrane (Millipore, USA). The clear solutions were suitably diluted and analyzed by UV-vis spectrophotometry (SHIMADZU UV-160A spectrophotometer). Absorbance was measured at 277 nm the wavelength (λ) maxima of NFLX.
Preparation of Solid Systems
Solid-state systems of NFLX-β-CD in a 1:1 molar ratio were prepared by kneading, freeze-drying, and physical mixture.
Kneading Method
The solid-state system of NFLX-β-CD was prepared by weighing accurately appropriate amounts of β-CD and then transferring them to a mortar. An acetone-water (50:50 v/v) mixture was added to the powder, and the resultant mixture was kneaded for about 10 min. Then, NFLX was added in small portions with the simultaneous addition of solvent in order to maintain a suitable consistency. This mixture was further kneaded for about 45 min, and the resultant paste was dried under a vacuum at 40°C for 48 h protected from light.
Freeze-drying Method
Appropriate amounts of β-CD and NFLX were suspended in water and sonicated at 25.0±0.1°C constant water temperature until the drug was dissolved completely. Solutions were frozen at −40°C for 24 h to ensure complete solidification before freeze-drying (Freeze Dye 4.5 Labconco corp., Kansas City, MO).
Physical Mixture
Physical binary mixtures of β-CD and NFLX were prepared by blending the components uniformly in a porcelain mortar.
Characterization of NFLX-β-CD Complexes
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
The DSC analysis of the complexes was performed using a DSC TA 2920, and the TGA curves were recorded on a TG TA 2920. The complexes were placed in aluminum hermetic pans, and the analysis was carried out under nitrogen gas flow at a heating rate of 10°C/min over a temperature range of 25-300°C. 
IR Spectra (FT-IR)
The FT-IR spectra of the complexes were recorded on a Nicolet 5 SXC FT-IR Spectrophotometer (Madison, WI, USA). Potassium bromide disks were prepared by compressing the powder.
X-Ray Diffractometry (XRD)
X-Ray diffraction (Diffractor Siemens D5000, Diffrac Plus XRD commander, USA) analysis was performed using the following conditions: 40 kV; 30 mA; between 4°and 70°( 2 theta); and 0.05 step and 1 s step time.
Scanning Electron Microscopy (SEM)
Morphological structures of the raw materials and complexes prepared by kneading, freeze-drying, and physical mixture were investigated and photographed using a scanning electron microscope (JEOL, Field Emission Scanning Electron Microscope, model JSM-7500F). The samples were fixed on a brass stub using double-sided aluminum tape. To improve conductivity, samples were gold coated under a vacuum employing a sputter coater (Bal-Tec Model SCD 050). The magnification selected was sufficient to study the general morphology of the samples in detail.
Solid-state Nuclear Magnetic Resonance (ssNMR)
High-resolution solid-state 13 C NMR spectra of the raw materials and complexes prepared by kneading, freeze-drying, and physical mixture were recorded using the ramp cross polarization/magic angle spinning (CP-MAS) sequence with proton decoupling during acquisition (26) . The ssNMR analysis was performed at room temperature in a Bruker Avance II spectrometer operating at 300.13 MHz for protons and equipped with a 4-mm MAS probe. The operating frequency for carbons was 75.46 MHz. Glycine was used as an external reference for the 13 C spectra, and spectra were recorded with 1600 scans. The contact time during CP was 1.5 ms, and the recycling time was 5 s. The SPINAL64 pulse sequence was used for decoupling, with a proton field H 1H satisfying ω 1H /2π =γ H H 1H /2π=78 kHz (27) . The spinning rate for all samples was 10 kHz.
In Vitro Intrinsic Dissolution Study
The intrinsic dissolution studies for NFLX and its complexes with β-CD were performed using the Wood's apparatus and Vankel dissolution system. An accurately weighed 200 mg of sample of the kneaded and the physical mixture were transferred to the die cavity of the apparatus and compressed at 5500 psi for 2 min. Of the buffer solution [0.26% v/v acetic acid and 0.0125 M NaOH in deionized water (pH 4)], 300 ml was used as the dissolution medium. The equipment was adjusted to 100 rpm, and the dissolution media temperature was maintained at 37.0±0.5°C using a water bath throughout the experiment. Prior to the experiment, the dissolution medium was sonicated while being maintained at 37°C for 15 min to remove dissolved oxygen and avoid bubble formation below the die cavity of the Wood's apparatus. The aliquots of the dissolution medium (1.0 mL) were withdrawn at 0, 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, 105, and 120 min while replacing the volume with an equivalent volume of fresh dissolution medium at each time point. The samples were analyzed by high-performance liquid chromatography (HPLC) for NFLX dissolution.
To determine the surface area contributed by NFLX in the physical mixture and kneaded system during dissolution, a correction factor of 0.1099 cm 2 was employed. The correction factor was calculated based on the following equation: Surface area due to NFLX in the physical mixture and kneaded system= Total surface area×Weight fraction (pi×r 2 ×2×weight fraction; r is radius=0.4 cm of the die; weight fraction=1.96/8.96=0.22). The weight fraction was employed since the area, volume, and weight fraction for all sample types were equal. This is because the solid density (2.09 g/mL) of the physical mixture, the kneaded system, pure NFLX, and pure β-CD was the same after compaction in the die of the Wood's apparatus. The solid density was determined based on weight (g)/volume (mL) [Weight=0.2 g and Volume=pi×r 2 ×h; where r is the radius of the die cavity (0.4 cm); h is the height of the compacted sample (0.2 cm)] for each of the samples studied.
HPLC analysis was performed on a Waters 600E multisolvent delivery system with a Waters 717 autosampler, Shimadzu solvent degasser DGU-14A, and 996 Waters photodiode array detector. A reverse-phase chromatographic column, Phenomenex Prodigy ODS (2) (150 mm×4.6 mm, 5 μm), was used for the separation. The column temperature was maintained at 45°C. The mobile phase for the isocratic mode was 10 mM ammonium acetate in 0.5% acetic acid (pH 3.8):methanol (70:30% v/v). The flow rate of mobile phase was set to 0.75 mL/min. The sample volume injected was 10 μL. The absorbance detection of samples was performed at 277 nm, the wavelength of maximum absorption for NFLX. The retention time of NFLX under the above chromatographic separation condition was 4.5 min.
Microbiological Studies
The antimicrobial activity of the NFLX-β-CD complex was compared with NFLX pure drug against S. epidermidis Fig. 2 . Effect of β-CD on the solubility of NFLX at 25.0°C in aqueous (white square), buffer pH 6.0 (filled square), and buffer pH 8.0 (filled triangle) solutions Influence of β-cyclodextrin on the Properties of Norfloxacin ATCC 12228 IAL 2150 using a turbidimetric bioassay (5). Brain heart infusion (BHI) broth incubated at 35.0±0.2°C for 24 h was used for the bacterial cultures. The samples were incubated immediately (32 rotations per minute; Shakermodel MA 420, Marconi-Brazil) and maintained at 35.0± 0.2°C. Two control samples, without antibiotic and microorganism (negative control) and one with S. epidermidis (positive control), were prepared in inoculated medium. The tubes were incubated for 4 h. After incubation, 0.5 ml of 12% formaldehyde was added to each tube. Negative control was used to set the optical baseline for the turbidimetric measurements. Absorbance with the wavelength set at 530 nm was measured. Potency was then calculated.
RESULTS AND DISCUSSION
Phase Solubility Studies
Solubility profiles, obtained by plotting the changes in guest molecule solubility as a function of β-CD concentration, showed an increase in NFLX solubility when the concentration of β-CD was increased. As shown in Fig. 2 , the interaction between NFLX and β-CD in water and a buffer solution of pH 6.0 displayed a typical A L curve, according to Higuchi and Connors, indicating the formation of soluble complexes of a 1:1 stoichiometry (25). However, the solubility profile obtained in a buffer solution of pH 8.0 showed a negative intercept deviation resulting in an A -L type profile. Loftsson and coworkers stated that self-association of poorly soluble drugs and excipient interactions can explain this type of behavior (28) . The solubility of NFLX (Fig. 2) in water, buffer solutions of pH 6.0 and 8.0, increased 1.2, 1.9, and 2.4 times, respectively, in the presence of β-CD. However, the highest solubility of NFLX in the presence of β-CD was obtained at pH 6.0. These results demonstrated a solubilizing effect of β-CD indicating that complexation with this molecule can be an effective strategy to enhance the solubility of NFLX.
Apparent stability constant (K C ) values were estimated from the slope of the initial linear portion of the profiles and the solubility of NFLX (S 0 ). The data are shown in Table 1 .
Our results are in agreement with those obtained by Dua and coworkers, which described a typical A L type phase solubility curve for NFLX-β-CD in water at 25°C. They have reported a similar K C value to that obtained in this work (23) .
Solid-state Studies
Information on solid-state interactions between NFLX and β-CD was obtained using DSC, TGA, FT-IR, XRD, SEM, and ssNMR.
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
The DSC and TGA profiles of NFLX, β-CD, and the solid-state systems obtained by kneading, freeze-drying, and physical mixture are shown in Fig. 3a, b , respectively.
NFLX demonstrated a sharp endothermic melting peak at 221°C. β-CD exhibited a typical broad endothermic peak, between 70 and 150°C assigned to a dehydration process and its subsequent decomposition above 250°C.
Comparison of the DSC curves of the binary systems prepared by physical mixture with those obtained by kneading and freeze-drying confirms an interaction between the components.
In fact, the characteristic events observed for the individual components were found in the physical mixture. While, the disappearance and shift of the melting peak of NFLX in the profiles of the systems obtained by freeze-drying and kneading, respectively, indicated molecular encapsulation of the drug inside the CD cavity. Interesting, the TGA curves showed that the systems obtained by freeze-drying and kneading had a higher thermal stability than NFLX in the solid state.
Fourier-transform Infrared Spectroscopy (FT-IR)
Fourier-transformation infrared spectroscopy (FT-IR) was used to evaluate the interaction between CD and NFLX in the solid state. FT-IR spectra of NFLX, β-CD, and the systems obtained by kneading, freeze-drying, and physical mixture are illustrated in Fig. 4 . NFLX was characterized by bands at 1730 (carboxylic acid C=O stretch), 1620 (pyridine ring C=C stretch), 1583, 1550, 1522, 1478 (quinolone ring C-C and C-N stretch), and 1251 cm −1 (C-F and carboxylic C-O stretch). It is evident from the spectra of the solid-state systems obtained by kneading and freeze-drying that the characteristic bands of NFLX at 1730, 1550, and 1522 cm −1 had disappeared, while the band at 1251 cm −1 had shifted. In contrast, the spectra of the physical mixture corresponded to the FT-IR spectra of the single individual components. From these observations, we suggest that the pyridine ring of NFLX interacted with β-CD in the solid state. Similar results have been reported for NFLX/CD complexes, that predominant inclusion of the carboxylic portion within the apolar cavity of β-CD (19).
X-Ray Diffraction (XRD)
The XRD patterns of the NFLX, β-CD, the kneaded, and freeze-dried solid-state systems along with the physical mixture are presented in Fig. 5 . The XRD pattern of pure drug showed intense peaks indicating the crystalline nature of NFLX. On the other hand, the XRD patterns of the kneaded Fig. 6 . Scanning electron microphotographs of a NFLX, b β-CD, c NFLX freeze-drying, d β-CD freeze-drying, e NFLX-β-CD kneading, f NFLX-β-CD physical mixture, and g NFLX-β-CD freeze-drying and freeze-dried binary systems were completely diffuse, with an absence of intense sharp peaks. The disappearance of the NFLX diffraction pattern may have been due to the formation of true complexes of an amorphous nature in which NFLX was trapped in the β-CD cavity. Thus, complexation produced new solid phases that had less crystalline structure as compared to that of the pure drug.
Scanning Electron Microscopy (SEM)
Scanning electron microscopy was used to study the microscopic aspects of the raw materials and the products obtained by the various methods of preparation. Figure 6 illustrates the SEM microphotographs.
The typical crystals of NFLX and freeze-dried NFLX were seen as needle-shaped structures, whereas β-CD and freeze-dried β-CD appeared as a parallelogram shape. The original morphology of the raw materials disappeared in the SEM images of the kneaded and freeze-dried solid-state systems, and it was not possible to differentiate the single components. These changes in the particle shape and aspect are evidence of the formation of new solid phases, as previously supported by the DSC, XRD, and FT-IR analysis. In addition, the characteristic NFLX crystals, which were mixed with β-CD particles, were clearly detectable in the SEM images of the physical mixture, thus confirming the presence of the crystalline drug and the absence of interactions.
Solid-state NMR (ssNMR)
The 13 C CP-MAS spectra for NFLX, β-CD, kneaded, freeze-dried systems, and the physical mixture are shown in Fig. 7 together with the carbon assignments. The carbon numbering for NFLX and β-CD molecules is presented in Fig. 1 . As shown in their individual spectra, both NFLX and β-CD exhibit different and separate ranges of C chemical shifts. β-CD exhibits a complex spectrum with multiple sharp resonances for each type of carbon atom, typical of a crystalline system. The 13 C CP-MAS spectrum of NFLX matches well with that previously reported (22) .
On comparison of the spectra of the kneaded and freezedried systems with that of the physical mixture, it is possible to see several differences which indicate that the kneading and freeze-drying systems are new solid forms. In contrast, the physical mixture signals mostly appear at the same chemical shifts as those in the pure compounds. In particular, the spectrum of the kneaded solid-state system suggested that the more affected signals of NFLX belong to carbons 4, 9, 8, and 3, showing changes between 1 and 3 ppm in their chemical shifts when compared to the physical mixture. The signals belonging to β-CD do not show major changes. In addition, the complete changes in the signals of NFLX indicate that there are no detectable residues of pure NFLX, and all NFLX present interacts with β-CD. The broadening of the peaks of β-CD and the absence of NFLX signals for the freeze-dried solid-state system indicate that the system has an amorphous character. 
In Vitro Intrinsic Dissolution Study
The intrinsic dissolution rate was defined as the rate of dissolution of NFLX from the solid-state systems (pure NFLX, physical mixture, and kneaded), where the conditions of surface area, temperature, agitation, pH, and ionic strength are all constant.
The intrinsic dissolution of NFLX was faster from the physical mixture ( (Fig. 8) .
Microbiological Studies
The complexes were analyzed using absorption spectrophotometry for quantifying the NFLX present before bioassay. The results showed that the physical mixture, kneaded, and freeze-dried systems had potencies of 97.18, 89.52, and 96.57%, respectively.
Results obtained from the in vitro antimicrobial activity investigation showed that the NFLX-β-CD complex had better potency than the pure NFLX (96.38%). The good activity of the complexes was likely due to their increased water solubility and diffusion to a greater extent into the BHI medium. The kneaded complex demonstrated low potency when compared with the other complexed systems.
CONCLUSIONS
The present research demonstrates that the ligand β-CD is capable of interacting with NFLX to forms binary complexes. Furthermore, these complexes can markedly increase NFLX solubility. The DSC, TGA, FT-IR, XRD, SEM, and ssNMR studies showed that the preparation of complexes in the solid state is feasible. The results obtained from these studies indicated potential functional groups that may be involved in the interaction of NFLX and β-CD. The physical mixture and kneaded system of NFLX evaluated by intrinsic dissolution showed an increase in the dissolution rate of NFLX.
Additionally, the results of microbiological assay showed satisfactory potency for the complexes in comparison with the pure drug.
